ABSTRACT

Structural response data from flight or wind tunnel tests
of eight full-scale rotors have been examined and compured for
high-speed flight conditions and in the absence of blade stall
or maneuvers. Both similarities and differences in the behav-
1or of the rotors were observed, and these findings are useful in
determining appropriate tests tor the development of theoretical
methods. Limited use ts made of airfoad measurements and the-
oretical calculation in examining these data. Major similarities
observed 1n the rotor behavior include: (1) 3rev vibratory flap
bending moments are remarkably similar among all the rotors
at high speed: (2) the root oscillatory chord bending induced by
lag dampers is similar for three of the articulated rotors despite
differences in the damper type; and (3) the orsion moment and
pitch-link loads show the same positive-negative loading over
the advancing side of the disk caused by the unsteady pitch-
ing moments at the blade tip. Differences that were observed
include: 1) the vibratory chord bending-moment behavior ap-
pears to be dependent on rotor stiffness in part, but differences
seen are not easily explained: (2) the CH-53A root osciffatory
chord bending-moment data do not show the damper-induced
loads that are seen on the other articulated rotors with hydrauhic
lag dampers: and (3) the AH-1G torsion response is very differ-
ent from that of the articulated rotors,

INTRODUCTION

The prediction of rotor vibratory airloads and structural
loads remains a difficult and intractable problem. The develop-
ment of improved theoretical methods requires careiul comypan-
ison of theory and experiment. and demonstraiion that the the-
ory does in fuct correcily represent the physics of the problem.
Within this context, the examination und compaurison of measure-
ments obtained for & wide range ot full-scale rotors s valuable
in that behaviors that are independent of rotor tvpe os well ay
behaviors that depend upon the rotor configuration can be identi-
fied. Those behaviors that are common to many different rotors
provide a first test of theoretical methods. To successtully pass
this first test, a theory must properly maodel the physics of heli-
copter rotors in forward flight. Tt is not sutficient, for example,
to predict the magnitude of a foading component and miss the
phase. In this sense, the predictions of 4 theoretical model must
be at least as good as the estimates obtained from scaling previ-
ous flight-test data. Once a theoretical model has shown that it
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can pass the first test with some consistency, it must demonstrate
that it can nredict, as well, those behaviors that ditfer among ro-
tor configurations. This is the second test. The objective of this
paper is to seck appropriate tests tor theoretical -methods devel-
opment through compurison of full-scale rotor measurements.

Hooper. in Ret, |, has examined the vibratory airloads
obtained from tests of six full-scale rotors either i flight or in
the wind tunnel. In cach of these tests, pressure transducers were
installed at multiple radial stations and the individual pressures
were integrated to provide the normal force. The vibratory air-
load behavior has been visualized by means of computer gruph-
ics programs. This work hus demonstrated that the vibratory wir-
toads are remarkably consistent in the transition regime regard-
less of the number of blades, the rotor size, or the trim. At higher
speeds many similarities are seen between the different rotors,
but the blade airloading iy wore vanable.

The present paper complements Hooper's work in that
the problem of vibratory loading is examined largely from the
perspective of the rotor structural response. This examination is
valuable in its own right because the different perspective that
is obtained assists in the understanding of a complex problem.
In addition, by examining the rotor response it is possible to
use data from tests in which only structural measurements have
been obtained. This paper beging with a brief discussion of the
scope of the paper and the data that were used. The problem
of rotor response is then treated by discussing the blade flap,
chord, and torsion responses separately. The rotor blade motions
are, of course, coupled. but the separation used here is suitable
for a qualitative examination. Important similarities between the
rotors will be discussed as well as some fundamental differences.
Conclusiors from the comparisons will be made.

EXPERIMENTAL DATA

The compansons shown are based on data obtaines
from cight flight-test or wind tunnel experiments on full-scale
rotors.” “7 These are, for the most part, the only data that are
accessible on magnetic storage media or tabulated in archive ==
ports. Table 1 summarizes the eight sets of data and includes a
description of the major instrumentation. The S$-76 wind tunnel
testreported in Ret. 5 included four interchangeable tips, but only
the data from the swept/tapered (production) tip are shown here.
Results of testing of the SA 330 Puma were reported in Refs. 8
and 9. The data used here are from the tests of an unusual mixed-
bladed rotor configuration which had an instrumented swept tip
installed on one blade and an instrumented rectangular tip in-
stalled on the opposite blade. The blades at 90° and 270° were
the standard Puma blades. Data from a second test of the SA
349729 have also been examined, but are not shown in this pa-
peras they are essentially identical to the measurements obuined
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Table 1. Full-Scale Rotor Data

REFERENCE

-
|
|

" AIRCRAFT CONFIG. TEST ! INSTRUMENTATION
COCHR Articulated., Flight r Differential pressure (1 Scheiman, 1964
4 blades L' Flap bending moment 16)
‘ i Chord bending moment (3)
: . Torsion moment (2)
- | Pitch-link load
Ci3d Articulated, Wind wnnel | Differential pressure (97 | Rabbolt eral.. 1966
4 blades ‘ ¢ Flap bending moment (h
j Chord bending moment (4)
i ‘ © Torsion moment (3)
CCH-SRA Articulated. Flight TUAbSAY. pressure (5| Beno 19700
6 blades Flap bending moment (7)
Chord bending moment (7)
Torsion moment (2)
Pitch-lirk Joad
R Art ulated. Wind tunnel Flap bending moment (4| Johnson. 1980
4 blades Chord bending moment (3)
1 Pitch-link load
ALIG " lecrering. Flight Absolute pressure (X)

2 bladex

Flap hendine moment /0
Chord bending moment (91
Torsion moment (3)
Pitch-link load

Absolute pressure (3)
Puch-link load

SA 330 Puma Articulated, Flight !
L 4 blades !
|OSA 2 Articulated. Fight ]

3 blades 1

l e : S,

Absolute pressure (3)

Flap bending moment (5)
Chord bending moment (7)
Torsion moment (4)
Pitch-link load

Hetfernan and Gaubert,
19%6

TOUHADA Arnculated.
; © 4 blades

Flight

|
l
1

Flap bending moment (4)
Chord bending moment (3
Pitch-link load

[ SV

< The number of the radial station with instrumentation i

in the firsttest. Data obiained during the UH-60A testing in 1987
are accessible through the TRENDS data base at Ames Research
Center.

Flight und wind wnnel cases for trimmed, level Right
were selected from the experimental duta baces. The lift coeffi-
cients and advance ratios for the data used in this paper are shown
in Fig. 1 compuared to the rotor 1itt bovndary obtained in Ref. 11
with a model-scale rotor. The lift coefficient values range from
0.06 to V0% and the maximum advance ratios are generally i
the range of 0.23 to H.40. In the case of the $-76, onfy data for
the 038 advance rano case were used. The rotor lift boundary
that waus obtmned by MeHugh'! represents an acrodynamic limit
satber then a structural limit because the moded tested was suf-
froienthy srony that the rotor collective pitch could be inereased
ey rotor thrust no longer inereased. The rotor data that are
i ained i this paper were obtained at Lift coefticients well be-
fow McHugh ™ roor Hithoundary, and therefore Titde or po stali
v expected on the outer portion of the blade atany azimuth. For
the cxperimental cases where aerodynwmie Toads dataare avail-

s shown in pa.cnitheses.

able, this conclusion is confirmed by the absence of stall behavior

in the pressure-transducer time histories.

Data are available for most of the rotors examined here
over a full range of advance ratios. Hooper has clearly shown
that all rotors respond strongly to the loading induced by the
tip vortex of the previous blade in the low-speed or transition
regime where the vortex passes very close to the blade. Although
this arca of the flight envelope remains highly interesting, the
primary purpose of this paper is to examine the blade loading at
the high-speed end of the aircraft envelope. Normal-force data
measured at 95 ff on the rectangualar tip of the SA 330 Puma® are
shown as a function of azimuth and advance ratio in Fig. 2. which
illustrates how the character of the loading changes as atrspecy
1s increased. The normal toree s in the nondimensional form

2L
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where [os the Tt ais the speed of sound, and pis the density.
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Fig. 1. Rotor lift coefficient and advance ratio of experimental
data.
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Fig. 2. Nondimensional normal force measured on SA 330 Puma
as a function of azimutk and advance ratio; 7/ R = 0 95.

The Puma data shown in Fig. 2 were cbtained un a
mixed-bladed rotor configuration and are therefore not strictly
representative of conventional rotors. However, the high resolu-
tion of the data in azimuth and advance ratio clearly exhibits the
major features of the blade airloads ag 2dvance ratio is increased.
At tne wower advance ratios, the loading that is induced by the
vortex of the previour blade is quite evident on both the advane-
N e UG Lcueating wides Of the disk. As expucted, this loading
ts 4 sharp down-up pulse on the advancing side as the vortex
moves radially inward, and is an up down pulse on the retreat-

ing side as the vortex moves back out to the blade tip. Although
the effect of the tip vortex on the retreating side is still detectable
at the highest advance ratios, the vortex loading on the advancing
side is no longer observed for 4 > 0 3. At the same time, the
1ift at the blade tip i1s decreasing on the advancing side of the disk
50 as to maintain roll-moment balance of the rotor. The primary
purpose of this paper, then, is to examine the response of rotors
in these high-speed conditions without the complicating effects
of blade stall and maneuvers.

Two of the sets of rotor data examined by ooper, the
XH-51A compound'? and the NH-3A compound,?? are interest-
ing in their own right. but are not inctuded in the present com-
parisons because of the contounding eftects of wing ift and aux-
iliary propulsion.

FLAP BENDING-MOMENT RESPONSE

The tlap mode trequencies ot the rotors examined her:
are shown in a simplified form in Fig. 3. The frequencies are
shown in terms of their endpoint values calculated at 0 4 € and
1.2Qy, where €, is the nominal rotor speed. This approach
is an approximate method of indicating the uncoupled blade
frequencies. Values for the CH-34, the SA 349/2, and the UH-
60A have been calculated using CAMRAD. The frequencies tor
the CH-53A.* the $-76,'* and the AH-1G" are from calculations
made by the manufacturer.
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Fig. 3. Calculated flap mode frequencies,
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The flap mode freguencies are similar for all of the
helicopters studied herer The second mode frequencies range
Qfren, and this s the dominant vibratory tap
bending mode for these areraft. Frequencies of the third and
fourth modes ¢luster around 5 and 8/rev with a range of 1/rev
seen betweert ditferent rotor contigurations.

~

trom about 2.6 10 2

The vibratory flap bending moments are shown for six
of the rotors in Fig. 4 Except for the CH-34 wind tunnel data,
the conditions selected represent the highest advance rutio cases
in the data bases. Depending upon the rotor, the advance ratio
for this comparison rianges from 0.373 for the CH-53A 10 0.390
tfor the Ci!-34. The hit coetficient values range from (.0596 for
the CH-34 10 0.0776 tor uic UH-60A. As used here. vioratory
refers 1o harmonies three and above. The tlup bending moments
are shown in the nondimensionai form

Me

oz = o E
T ;;!('Q‘R‘

where M s the tlap bending moment. b is the number of blades.
< is the nominal blade chord, €2 1y the rotor speed. and # 1y the
radius.

The surtace plots in Figo 4 cxiend from 0° 10 3607 in
azimuth and from radial station 0 w0 1. The stations with avail-
abie bending-moment measurements differ among the various
data sets. and this must be kept in mind when the data are ex-
amined. For instance, the most inboard station for the CH-34
wind tunnel measurements was at 0375 /2, whereas for the UH-
60A measurements were taken on the blade shank at O 113 f.
and voke measurements on the AH-1G were obtained atQ) 023 K.
The bending moment scales in Fig. 4 have been adjusted sepa-
rately for each rotor to assist in the comparison.

In general. cach of these rotors shows the same behav-
ior: the vibratory loads are dominated by the second flap bending
mode. This 1. especially noticeable on the outer portion of the
hlade. However, measurements at the blade root or shank show
considerable difterences between the rotor configurations. The
SA 34972 shows aninereasing 3/rev moment at the blade root.
whereas the UH-A0A shows a reduction in the load. The AH-1G
measurements show considerably higher harmenic behavior on
the inboard portion of the blade.

The behavior of the vibratory flap bending moments at

a midspan radial station is shown as a function of advance ratio
and azimath in Frg. 5 for five of the rotors. These advance ratio-
azimuth plots are analogous to the radial station azimuth plots
of Fieo 4, but advance ratio replaces radial station as the second
independent varthle. The advance-ratio scale goes from 010 0.5
for cach of the rotors shown, although the extent of the advance
ratio data s difterent toreach of the experimental data sets. Note
ke wand tanned data are not used tor the plots that include

st oo e as anindependent variable,

U oeure S <hows that the dominant 3rev loading at the
Cabvien ot ese rotors s observed over a wide range of advance
ratios. The basie charae ter does not appear to change, even well
into the transtton regithe, I addition, the phase of the Yrev
oading s relatively constant with increases i advance ratio.

The midspan 3/rev flap bending moments are examined
in more detail in Fig. 6. For comparison. the data have been
scaled as indicated in the legend. The midspan moment ainpli-
tudes are low at low advance ratios, and increase rapidly in the
transition regime as advance ratio increases from 0.10 to 0.15.
Except in the case of the CH-34, the loads then decrease at the
higher advance ratios up to 0.20 to (.25, after which they again
start 1o cfimb and become progressively higher out to the maxi-
mum advance ratio. The 2/72v bending-moment phase shows a
slight decrease with increasing speed for all or the rotors. This
behavior is independent of the number of blades. The phase
decrease is typically 30° to 60° for the third harmonic values
shown in Fig. 6, which corresponds 10 about 107 10 207 L. wrinis
of rotor azimuth. This phase change ix comparable with the
shift in the advancing-side vortex intersection that is obtained
by calculation.'® The phase angle varies by approximately 907
among the rotors shown here, which is equivalent to a 30° differ-
ence in rotor azimuth. Wake calculations suggest that the vortex
loading should differ by about 207 between a two-bladed and a
six-bladed rotor, but no pattern based on blade number is seen in
the 3/rev phase data shown here.

CHORD BENDING-MOMENT RESPONSE

The calculated chord mode frequencies are shown in
Fig. 7. The AH-1G, because of its two-bladed, semi-rigid design,
has a first chord mode frequency of above 1l/rev, but the other
rotors have typical first mode frequencies thai are below 1/rev.
Considerably more variation is seen in the second chord mode
frequencies than was seen in the higher blade flapping modes.
The CH-34 and CH-53A rotors are not as stift as the newer rotors
are, because the trailing edge pocket-type construction of the
older rotors results in the chordwise stiffness being carried only
by the spar. The frequency of the second mode for these rotors is
I or 2/rev less than for the other rotors where the airfoil trailing
edge contributes to blade stiffness. For the newer designs the
second chord mode frequency tends to be nearly S/rev and this
mode couples strongly with the third flap and first torsion modes.

Oscillatory chord bending moments are shown in Fig. 8
for the same high-speed condition< as for the flap bending mo-
ments that were shown in Fig. 4. Oscillatory as used here refers to
all harmonics one and above. The chord bending moments have
been nondimensionalized in the same fashion as the Hap bend-
ing moments were, and the bending-moment scale is adjusted for
each rotor separately to allow comparison. The oscillatory chord
moments for this high-speed condition differ among the five ro-
tors. However, there is some similarity in behavior between the
CH-34 and SA 349/2 rotors. In both cases a large Hrev oscil-
lation 1s seen at the blade root, and it is progressively reduced
for stations farther out on the blade This suggests that the load-
ing is related 10 the blade root boundary condition. that s, the
blade lead-lag damper. This oscillatory root loading increases
with speed, as shown in Fig. 9 for tive aircraft. The CH-34, the
SA 34972, and the UH-60A all show similar behavier, the dom-
inant effect being a rapid change in the bending moment in the
third quadrant of the rotor. The data in this figure show that the
effect of increased airspeed is to increase the amplitude of this
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motton. The AH- TG dera also show anncreise moosallatory
load with airspeed. but the wamuthal behavior s very ditterent
from that ot the rotors with suboritical Lig modes aad their aswact
ated damperss The CHE338 0 which alsouses o Tead- lag damper.

shows an oscnlatory behavior ditferent tfrom thar of the others,

The osciliztony root chord hending tor the CH-34, the
SA 920 and the UTEeNA s turther examined in Figo 10,0
which the data are scaded as indicated for comparison purposes.
This higure clearly shows the rapid change i dhe root moment
that oceurs m the third quadrant. This rapid change donunies
The CH-3dand the UH
6L use hvarauhic dampers, but the damper on the SA 3497208
Althoug
two tvpes of dumpers. the loading behavior appears o be much
However, the CH S3A

damper does notshow the stong ey feading at the root that i

the peak-to-peak foading at s stanon

clastomeric, hodifterences would be expected for these

the same which alvo uses a hyvdraufic

seen here

The vibratony chord bending moments tor the high-
speed condition are showin in gl T tor five rotors, The vibra-
tory toading of the CH-33 and CH 330 roters s Tirgely 3 and
drevi the Yresy loading is expecally noticeable on the CH-33A,
The S-76 and the SA 349220 which are stitter in chord bendiny,
show more response at 4 and Sreve Both of these rotors also
show a pronounced 4/rev response a midspan on the retreating
side of the disk. The sibratory loads ror the AH G are domi-
nated by rev loading and show a continuous build-up m am-
plitude toward the blade root. This loading is charactensuge of
the tirst cyelic inplane made, which has a predicted natural fre-
quency of close 1o 2/rey (Fig. 7).
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The behavior of the vibraory chord berding moments
at mudspan s shown in Frgo 12 as a function of advance ratio.
All of these rotory show an increase in the vibratory loading
with increased wirspeed. I the case of the CH-34, the CH-53A,
and the AH-1G, this increase appears 1o be relatuvely smooth.
‘The d/rev response seen on the retreating side of the SA 34972,
however, appears w be growing guickly for advance ratos higher
than (.3,

TORSION MOMENT RESPONSE

Caleulated torsion-moment frequencies are shown in
Frg. 13 forsix rotors. The CH-52A prediction was obtained from
Ret. 17. The first torsion trequency of the AH-1G is quite low
at slightly below 3/rev. The other rotors show first torsion mode
frequencies that ringe trom 4.5 10 6.0/rev. Although estimates of
the uncoupled torsion mode trequencies are shown here. coupled
caleulutions show that there can be considerable modal couphng
between the first torsion. second chord, and third Gap modes

Osciliatory blade torsion moments are shown for tour
rotors in high-speed flight in Fig. 14, In general. there are fewer
radial measurement stations for torsion than tor thap or chord
bending. The CH-34, the CH-53A, and the SA 349/2 data ull
show similar behavior in that a large. positive torsion moment
1s seen in the first quadrant of the rotor followed by a rapid
change to a negative moment at the beginning of the second
quadrant.  The rotors differ in their behavior in the third and
fourth quadrants. The AH-1G worsion-moment fata are simifar,
except that the peak positive and negative moments appear to be
delayed about 45°.

The behavior of the oscillatory torsion moments at the
blade root as a function of advance ratio ts shown n Fig. 15.
This figure shows that the positive moment in the first quadrant
is dependent upon airspeed, and appears to be increasing more
quickly for advance ratios above 0.3, Oscillatory behavior in
the third and fourth quadrants for the CH-34 and the CH-53A
appears at 5 and 6/rev and is the response of the blade 1o the
positive--negative loading on the advancing side of the disk.

The blade pitch-link load measurements are shown in
Fig 16 as a function of advance ratio and azimuth. The nondi-
mensional pitch-link load is defined as

[)
CP],/U = =
pbC2e R
where P is the pitch-iink force. The pitch-link loads show the
same behavior with advance ratio that was seen for the biade root
torsion measurements in Fig. 15, as is 1o be expected. Pirch-link
load data from the rectangular-tip blade of the rescarch Puma and
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the UH 60A are shoan here as well. As with the other rotors,
& positive moment in the first quadrant switches to a negative
moment at the beginning of the second quadrant. Both the Puma
and the UH-60A rotors show an approximately 4/rev oscillatory
response on the retreating side of the disk. The CH-34 and the
CH-53A show a response at 5 and 6/rev. as was noted previously
tor the torsion moments. The AH-1G behavior ditfers from that
of the other rotors in phase and in the amplitude of the pitch-link
loads on the retreating side of the disk.

The pitching moment at 95 /7 on the rectangular tip of
the Puma is shown in Fig. 17. A direct correspondence can be
seen between the moment measurements obtained near the tip of
the blade and the pitch-link loads on the advancing side of the
disk. Tt is clear in this case that the nioment at the blade tip is
primanily responsible for the farge change in the loading thar is
seen on the advancing side of the disk. On the retreating side
of the disk, the puching moment shows only a shght variation
whereas the pitch-link loads are seen o oscillate at about 4/rev
In response to the moment excitation.

Figure 18 shows a comparison of the azimuthal behavior
of the pitch-link loads for five rotors at high speed. The pitch-
link loads for all of the rotors are ploted to the same scale. The
behavior of these five rotors is strikingly simular, particularly
in the first quadrant.  All show a positive load that peaks at
roughly 457, The moment then decreases rapidly and reaches
a minimum in the second quadrant, fo most of the rotors. After
this minimum, the CH-53A, SA 330, and UH-60A rotors show
an oscillatory response of between 4 and 6/rev which is the blade
response at its first torsional mode frequency.

The oscillatory pitch-link loads increase with advance
ratio, as shown in Fig. 19. The pitch-link loads of the unmodi-
fied or standard blade of the SA 330 are included here as well as
the loads of the instrumented, rectangular-tip btade. The increase
in the pitch-link loads is relatively uniform for the CH-53A and
UH 60A rotors, but the SA 330 data show a break in the loads
at an advance ratio of about 0.25, with the load amplitude n-
creasing much faster at the higher advance ratios. The SA 34972
behavior appears to lic somewhere in between.
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The calculation of the aerodynamic pitching moment on
the research Puma has been investigated recently with a number
of theoretical approaches.!® In Fig. 20, the theoretical predic-
tions of the CAMRAD/JA analysis are compared with lift and
pitching-moment measurements obtained on the rectangular-tip
blade. The lift coefficient is shown as a function of the local
Mach number in Fig. 2((a), and the airfoil table values of lift as
a function of angle of attack and Mach number that were used
for the calculation are shown as an overplot. This presentation
method is useful in showing that the blade is operating for the
most part below the nonlinear transonic regime where unsteady
transonic effects become important in the calculation of lift and
moment. The CAMRAD/JA-predicted lift is similar to the mea-
sured lifts, although the small negative-lift region seen in the
measurements at the highest speeds is not matched by the predic-
tions. In the case of the pitching moment shown in Fig. 20(b),
sizeable differences are seen between the predictions and mea-
surements. The moment from the airfoil tables is shown for a

angle of attack and this shows that over most of the disk the
steady value of the pitching moment is O for this symmetric pro-
file. Thus, the major contributor to the pitching moment is the
unsteady aerodynamics. Calculations based on thin-airfoil the-
ory appear satisfactory at inboard stations where the moment is
lower, but they underestimate the moment at the blade tip.'* This
indicates that the three-dimensional effects at the blade tip also
play an important part in the excitrtion of the torsional response.

The AH-1G torsion moments and pitch-link loads are
quite different from those of the various articulated rotors, as
noted in the discussion of Figs. 14-16. Figure 21 compares the
pitch-link loads measured on the AH-1G with those measured on
the UH-60A, plotted on the same scale. The torsion behavior of
the AH-1G shows a strong 2/rev oscillation, and the loads are
much the same on both the advancing and the retreating sides.
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CONCLUSIONS

Data obtained in the testing of eight full-scale rotors
have been compared to examine the structural response of heh-
copters to the oscillutory and vibratory loads in high-speed flight.
Similarities and differences in the helicopter structural response
are ohserved, and the prediction of both represent necessary tests
for the development of theoretical prediction methods.

Those hehaviors that are consistent between rotors and
are largely independent of rotor configuration provide a first test
of theoretical methods. A theoretical method that is to be used
tor oscillatory or vibratory load prediction must be able to predict
these bebaviors i a reasonably consistent manner. The major
similarities observed include:

1. The dominant flapping vibratory response occurs at
3/rev. This response shows an initial peak in the tran-
sition regime, then is reduced, and then climbs again
for advance ratios above 0.20 or (.25. The phase of
the 3/rev response is reduced slightly with advance ra-
tio, and no differences in the phase response can be at-
tributed to rutor type or blade number.

. The root oscillatory chord bending for the CH-34, the
SA 349/2, and the UH-60A show a negative to positive
loading at the beginning of the third quadrant. The
way in which this load builds up as the blade root is
approached suggests that the loading is directly related




to the lead-lag damper. The lead-iag dampers on these
rotors include both hydraulic and elastomeric designs,
each with different kinds of nonlinear behavior. Despite
these differences the time history of the loading appears
much the same.

3. The blade torsion moments and the pitch-link loads for
the articulated rotors examined at high speed all show a
large posiuve moment in the first quadrant that switches
to a negative moment in the second guadrant. Follow-
ing this positi e -negative excitation, the blades appear
to oscillate at the first torsion frequency, although this
behavior is ot the same for all of the rotors. This tor-
stonal respooase appears to be caused by the unsteady
pitching mc ment at the blade tip on the advancing side
of the rotor.

The differences seen in rotor response behavior that
are configuration dependent provide the basis for a second st
of theoretical methods to be used for the prediction of rotor
oscillatory and vibratory loads. The more significant differences
in the response of the rotors examined include:

1. The vibratory chord bending-moment behavior of the
rotars differs significantly. In some cases, such as for
the CH-53A, the response occurs mostly at the second
chord mode natural frequency and, in this sense, is very
stmilar to the flap bending-moment response. Other ro-
tors, however, show a response at more than one har-
monic, and these responses show more differences than
similarities. The second chord mode is proximate to the
third flapping and first torsion modes for most of the ro-
tors examined. and the coupling of these modes may be
a primary reason for the differences seen.

2. The CH-53A root oscillatory chord bending does not
show the same damper-induced behavior that is seen
on the CH-34 and UH-60A rotors. which also have
hvdraulic lead-lag dampers.

3. The AH-1G shows torsion and pitch-link Joad behavior
that is different from that of the articulated rotors exam-
ined. The peak loading is delayed approximately 45°
from that of the other rotors, and the loads are as high
on the retreating side of the disk as on the advancing
side.
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